Abstract. Respiration causes variations in the signals acquired during magnetic resonance imaging (MRI) and therefore is a significant source of noise in functional brain imaging. A primary component of respiratory noise may arise from variations of bulk susceptibility or air volume in the chest. Here we investigate the nature of the image artefacts that can be caused by such changes. We develop a simple model which attempts to mimic the effects of variations in susceptibility and volume during respiration. Theoretical calculations, computer simulations and imaging experiments with this model show that small variations in susceptibility within the thorax from alterations in the paramagnetism of cavity gas may lead to a shift of the image on the order of 0.1 pixels as well as a shading of the intensity by ±1%. These effects are observed to be predominant in the phase-encoding direction. They may lead to the production of spurious activations in functional MRI and are likely to be of more importance at higher field strengths.
Introduction
Functional magnetic resonance imaging (fMRI) studies of the human brain typically involve acquiring sequences of images while a subject is in different conditions or engaged in one or more tasks. Subsequent analyses and comparisons between images are performed in order to detect those voxels whose signals are correlated with the task or test condition. The measured signal reflects changes in local cerebral blood flow and oxygenation and provides useful information on the locations and intensities of neuronal activity in the brain. A common assumption of many widely used methods of analysis is that the noise (i.e. those temporal signal variations that are not task related) is Gaussian in nature.
Many fMRI studies rely on using fast imaging techniques such as echo-planar imaging (EPI) that are sensitive to the rate of decay of the transverse magnetization and which are severely affected by macroscopic magnetic field inhomogeneities. When putting these techniques into practice several types of spurious signal variation arise that do not reflect functional activation but instead are caused by systematic and random modulations of both instrumental and physiological origin. These variations produce artefacts in functional MRI data and affect the sensitivity of the technique. In addition they call into question assumptions made about the randomness of noise and independence of signal measurements of different voxels in an image.
Previous reports have identified respiratory noise as a major source of signal variance (Weisskoff et al 1993) but the precise mechanism by which breathing affects the MR signal remains unproven. Hu et al (1995) have suggested that respiration could affect the MR signal in a few different ways. It may cause pulsatile motion of the brain and cerebrospinal fluid due to venous pressure changes, movement of the head and variation in bulk magnetic susceptibility in the chest. It would be useful to better characterize these and to quantify the contribution of each to the total noise, in particular because these different processes will not scale with magnetic field strength in the same way. Furthermore, the intelligent design of appropriate acquisition and post-processing techniques will rely on understanding the nature of each important source of noise. However, it is difficult to isolate different effects in human functional experiments since they may all lead to signal variations which are similar in nature. Recent reports have suggested that fluctuations in susceptibility are the major cause of respiratory noise (Wowk et al 1997 , Jezzard 1999 . Jezzard (1999) calculated coronal and sagittal B 0 field difference maps (generated by subtracting a phase map collected at full expiration from a phase map collected at full inspiration). These indicated that the magnitude of inhomogeneities in the B 0 field within the brain decreases as the inverse cube of the distance away from the chest, suggesting that they originate from magnetic susceptibility effects. This paper investigates more fully the effect of susceptibility-induced signal variations on echo-planar images. Specifically, we develop a simple theoretical model to predict the nature of the artefacts produced by changes in susceptibility similar to those that may occur in the human thorax. We then test and confirm these predictions in computer simulations and echoplanar imaging experiments on a phantom. We also demonstrate the nature of these artefacts in t-maps of apparent activation in functional imaging experiments.
Theory
When a human body is placed in a uniform magnetic field B 0 , its diamagnetism results in a slight decrease in the effective field in tissue. On the other hand, paramagnetic air cavities (i.e. those containing molecular oxygen) in the body will tend to increase the effective field in their neighbourhoods. The three-dimensional characteristics of these induced fields are determined by the shape of the body and the size, shape and contents of the cavities. The exact field distributions are complex to calculate but in order to estimate the effects of changes in the chest on the MR image of a brain, we model the variation in tissue susceptibility within the thorax with simple, spherical shapes. The head and upper torso are represented as a long uniform diamagnetic cylinder containing a spherical paramagnetic cavity (see figure 1) , representing the lungs, at some distance from the imaging plane. Such a model captures the important macroscopic features that are of importance in practice.
The cavity has a radius R, and the difference in susceptibility between the cavity and the torso is assumed to be χ. The distance between the centre of the cavity and the centre of the imaging slice is z, and the coordinates within the imaging plane are x (frequency-encoding direction) and y (phase-encoding direction). Since the internal field of a long cylinder aligned with a uniform field is also uniform, the problem reduces to calculating the effect of a sphere in a uniform applied field with the susceptibility of the sphere equal to the net difference between its actual susceptibility and the susceptibility of the cylinder (surrounding tissue). A spherical cavity induces a magnetic dipole field which is given by (Schenck 1996) B (x, y, z 
This field inhomogeneity leads to phase errors in k-space and causes shifts and distortions in the MR image. The MR signal from a plane in which the signal intensity is ρ(x, y) is then given by
where
with γ the gyromagnetic ratio of hydrogen nuclei, k x and k y denoting spatial frequencies (corresponding to phase increments from the application of the gradients G x and G y ) and t representing time. In echo-planar imaging, the time available for phase evolution is much greater in the phase-encoding dimension (y) than in the frequency-encoding dimension (x), so the phase distortion and consequently the image artefact are more severe in the y direction. We will therefore focus on the artefact in the phase-encode dimension only. If B were spatially invariant (i.e. was a uniform field shift across the imaging slice), equation (2) would imply that the signal would consist of the appropriate function multiplied by a phase term which would vary linearly with t (and hence with k y ). This would lead (according to the Fourier shift theorem) to a simple shift of the image in the phase-encoding direction. However, the field perturbation due to a spherical air cavity is not uniform across the imaging slice but instead has a spatial distribution given by equation (1).
We can examine the effect of this distribution first by looking at its effect on a delta function object situated at (2), the signal is then given by
The signal at every k-space point gets an additional phase which is proportional to the B at (x 0 , y 0 ). For a gradient-echo-planar sequence, the time t is related to the spatial frequency k y as
where G y is an average value for the phase-encoding gradient. Hence the additional phase leads to a linear phase roll across k-space in the y direction and hence a shift in the image of the delta function. The shift is proportional to the magnitude of the field perturbation at (x 0 , y 0 ), i.e. at the actual location of the delta function. In a 2D slice containing a multitude of such points, signal from each tissue voxel is spatially shifted by an amount proportional to the magnetic field inhomogeneity in that voxel, leading to a distorted image. If the field inhomogeneities change cyclically because of respiration, the distortion would be cyclical as well.
To examine more closely the nature of the distortion, consider a broader object which can be represented in the phase-encoding direction by
The MR signal from this object would be
We assume that x 2 + y 2 z 2 (i.e. the distance off centre within the slice distance of centre of cavity from slice). Then
The image of the object is obtained by inverse Fourier transforming the signal:
Here, the δ denotes the Dirac delta function. To evaluate this integral, we make the substitution θ = by 2 + y (11) so dy = dθ √ 4bθ + 1 .
Equation (10) now becomes
Thus the image is a modified rectangular function which is shifted by the term (b(a 2 − β 2 )) from its original position and its profile is distorted by the factor f (y ) (see figure 2). If b is small, f (y ) can be approximated by its Taylor expansion. To first order in b, f (y ) is a linear function of y with a slope proportional to b:
Figure 2. Plot of the theoretically predicted function f (y) for different values of oxygen concentration, 100%, 50%, 20% and 0%, and hence different values of χ , 11 × 10 −6 , 10 × 10 −6 , 9.4 × 10 −6 and 9.1 × 10 −6 ppm. The sphere is assumed to have a radius of 9 cm, and the offset distance from the centre of the sphere is 18 cm.
Methods
We performed computer simulations and MRI experiments in order to test the theoretical model. The imaging procedure was simulated using MATLAB. The simulated object was chosen to be a circular disc, corresponding to an axial slice through the cylinder of the theoretical model. The object was smoothed with a 2 × 2 averaging kernel to reduce edge ringing. The simulated images were fixed at 32 ×32 for computational speed. Zero mean Gaussian noise was added to all simulated images so that the signal to noise ratio was 100. Assuming the field distribution given by equation (1), we simulated the echo-planar acquisition of the image. To make shifts (measured in pixels) in the simulated images correspond to the real image, the simulated phaseshifts were scaled by the ratio of actual (N 1 ) to simulated (N 0 ) image sizes
We simulated image acquisition in the presence of a spherical cavity using four different susceptibility values for the cavity gas, which corresponded to different concentrations of oxygen in the sphere (100%, 50%, 20% and 0%). Activation (t-statistic) maps were generated by comparing sets of images acquired for different conditions. The 'On' group corresponded to a high oxygen concentration, e.g. 100% or 50%; the 'Off' group corresponded to room air (20% oxygen) in the cavity. Imaging experiments were performed on a water and gas phantom using a 1.5 T GE Signa scanner equipped with resonant gradients (Advanced NMR Inc., Wilmington, MA). The phantom was a plexiglass cylinder 90 cm long with a 19 cm inner diameter. A 9 cm radius, plastic sphere was mounted in the cylinder (see figure 1) with nylon screws. During the experiment, the cylinder was filled with water and the gas flowed continuously through the sphere. Two tubes were mounted in the cylinder normal to the image plane and filled with water. They demonstrate susceptibility effects at boundaries within the object.
A spin-echo EPI sequence was chosen because it reduced intravoxel dephasing effects which were not our prime interest in this study. The images were 64 × 128 pixels with a 20 × 40 cm field of view. Image acquisition consisted of collecting 64 echoes in 32 ms (0.5 ms per echo). The image bandwidth in the phase-encoding direction was 2 kHz and the receiver bandwidth was 384 kHz. The sampled data were distributed non-uniformly in k-space and were later resampled at an effective sampling rate of 256 kHz. The TR used was 4 s and the TE was 80 ms. Eight axial 1 cm thick slices were obtained, beginning at 22 cm from the centre of the sphere and spaced by 2 cm. Two studies were performed. Both studies acquired 80 images in groups of 20 while alternating the gas composition. The first study alternated pure oxygen and air (20% oxygen) in the sphere. The second study alternated 50% and 20% oxygen. Only the last 10 images in each group were evaluated for the t statistic, in order to use images acquired only after the gas in the sphere equilibrated to the desired oxygen level.
Results
The simulation of the functional imaging experiment shows that image shifts and distortions occur as functions of the susceptibility of the cavity and also the distance each image is offset from the cavity. Figure 3 shows image profiles for a fixed offset of twice the cavity radius (2R). Four simulated profiles are shown corresponding to oxygen concentrations in the sphere of 100, 50, 20 and 0 per cent respectively. The profile varies roughly linearly near the centre of the phantom with the slope proportional to the oxygen concentration. The slope decreases near the edge of the phantom as the y 2 term in the denominator of equation (1) becomes important. Edge ringing in these images is due to residual truncation effects. Note that the profile for the case of 0% oxygen also has a linear distortion because there is a significant difference in susceptibility between the surrounding water and the sphere.
Simulated image profiles versus slice position for fixed cavity susceptibility are shown in figure 4 for four different slice offsets. The cavity susceptibility was fixed at 100% oxygen. The slice offsets ranged from two to four times the radius of the cavity (18 to 36 cm). The slope of the image profile increases with decreasing distance to the sphere. A shift of the entire image is also apparent when there is a significant spatially invariant field error close to the sphere. At large slice offsets, only the edge shifts are significant. Figure 5 shows the significance of the susceptibility effects for functional imaging at different slice offsets. Six t-maps are shown for the simulated imaging studies described above. The 20% oxygen concentration is used as the 'Off' condition in all the maps, while the 50% and 100% concentrations are used for the 'On' condition in the two studies shown. t-maps at three slice offsets are shown for each study. The maps have been resized from 32×32 pixels to 64 × 64 using cubic interpolation. The black pixels represent areas for which t < −2; the white pixels show t > 2. Rim artefacts are apparent for both simulated studies and these have decreasing width at large offsets.
The t-maps of the imaging experiment with the phantom are shown in figure 6 . The false activation patterns are qualitatively similar to those seen in the simulation t-maps. The data show rim artefacts at the edges of the object and the boundaries of the tubes within the phantom. The artefacts increase in magnitude with proximity to the gas sphere and with increasing concentration of oxygen in the sphere.
The asymmetric distortion in the image profile and the image shift can be measured by calculating the motion of the centre of mass of the image. The centre of mass along y of a discrete image I (x, y) , where x and y vary from 1 to N , occurs atȳ wherē
(15) Figure 7 shows the shift in the centre of mass versus slice offset distance. The centre of mass shift is the difference between the mean centres of images in the two conditions. The centre of mass shifts were approximately 0.1 pixels at 22 cm from the cavity when the cavity oxygen concentration changed from 100% to 20% and approximately 0.05 pixels at the same offset for 50% to 20% oxygen concentration change. Gaussian noise has been added to each image so that the signal to noise ratio is 100. The left column of t-maps shows On and Off groups corresponding to 100% and 20% oxygen respectively in the sphere. The right column shows On and Off groups corresponding to 50% and 20% oxygen. The image offset distance from the sphere is, from top to bottom of both columns, 2.7, 3.3 and 4 times the radius of the sphere. The t-maps have been resized for display using bicubic interpolation to 64 × 64 pixels. All white pixels in the map have t > 2; all black pixels have t < −2.
Discussion and conclusion
The results from the simulated and experimental data are consistent with the predictions of the theoretical model. The nature and magnitude of distortion expected on the basis of equation (13) and shown in figure 2 agree with observed effects in figures 3-7. It is worth mentioning that although in these experiments the changes in B 0 inhomogeneity were caused by varying cavity susceptibility (see table 1), in functional brain imaging of humans the changes in B are more likely to be dominated by the variation of gas volume (rather than intrinsic susceptibility) with respiration. This is because even with large changes in oxygen concentration (say 100% versus 0%), the fractional change in the susceptibility difference ( χ ) between the cavity and tissue is small (11×10 −6 versus 9×10 −6 ). However, as can be seen from Figure 6 . t-maps for imaging data. These images are t-maps calculated for a 9 cm radius phantom. The On and Off groups contain 20 echo planar images, acquired with a spin-echo pulse sequence. The images are cropped to a 20 cm field of view (64×64). The left column of t-maps shows On and Off groups corresponding to 100% and 20% oxygen respectively, in the sphere. The right column shows On and Off groups corresponding to 50% and 20% oxygen. The image offset distance from the sphere is, from top to bottom of both columns, 2.7, 3.3 and 4 times the radius of the sphere. All white pixels in the t-map have t > 2; all black pixels have t < −2.
equation (1), B is proportional not only to the susceptibility difference ( χ ) but also to the volume of the air cavity (since it is proportional to R 3 ). Small fractional changes in the radius of the gas cavity are therefore likely to have a significant effect on the field inhomogeneity in the brain. For the simple model described here (see equation (1)), varying the cavity susceptibility while keeping the volume constant is equivalent to varying the volume while keeping the cavity susceptibility constant. Figure 8 shows the relation between the susceptibility changes and the equivalent changes in radius. The image artefact from these changes in air volume in the lungs will therefore be qualitatively similar to the distortion discussed here.
Although the experiments reported here pertain only to transverse slices, we expect the nature of the distortion to be similar for coronal and sagittal slices. This is because the phaseencoding direction for coronal and sagittal orientations is typically the direction perpendicular Figure 7 . Image centre of mass shifts. These two graphs show the image centre of mass shifts for varying offset from the sphere. The top graph shows the distance, in pixels, by which the centre of mass of the image shifts when the gas in the sphere changes from 100% to 20% oxygen. The bottom graph shows the image centre of mass shift for a gas change of 50% to 20% oxygen. The image slices are spaced by 2 cm, beginning with an offset of 22 cm from the centre of the sphere. Slice number 8 is offset 36 cm from the sphere. to the body axis, i.e. it is the left-to-right direction for coronal slices and the anterior-to-posterior direction for sagittal slices. Since these directions are perpendicular to z, the distortion is expected to be similar to that of the transverse plane. In addition, the distortion in coronal and Figure 8 . Plot of a range of oxygen concentrations (as percentages) for a 9 cm cavity and the corresponding values of the radius of an air cavity (20% O 2 ) which produces the same B 0 inhomogeneity. The radii are obtained using the formula (see equation (1): radius = 9 cm × 3 √ χ / χ air .
sagittal slices is expected to be more severe towards the base of the brain because it is closer to the chest.
In conclusion, the experimental and simulation results confirm that changes in magnetic susceptibility associated with variations in oxygen concentration within an appropriate cavity may cause B 0 field variations at some distance which lead to characteristic artefacts in echoplanar images. Thus variation within the chest cavity during respiration, both in lung volume and oxygenation, may produce significant effects in EPI images of the brain. A spatially invariant field shift in the imaging plane leads to a simple shift of the image, whereas a spatially varying field leads to a distortion of the image, in which image intensity is displaced by an amount proportional to the local magnetic field inhomogeneity. In axial echo-planar images, the artefact manifests itself as an approximately linear distortion of the image profile and a shift of the image in the phase-encoding direction. These artefacts are proportional to the susceptibility difference between the chest cavity and the surrounding tissue and decrease with increasing distance from the chest. They also will scale with increasing field strength B 0 , and thus they will play a role in determining the relative advantage of performing fMRI with higher field strengths.
From these data it is apparent that the signal variations within a voxel in a train of EPI images that are caused by respiration may not be modelled adequately as simple additive noise but rather may be considered more appropriately as related to the local image and structure. Better understanding of the precise cause of such variations may guide the development of more powerful post-processing algorithms than those that have been previously suggested (Hu et al 1995) .
